Caulobacter crescentus firmly adheres to surfaces with a structure known as the holdfast, which is located at the flagellar pole of swarmer cells and at the stalk tip in stalked cells. A three-gene cluster (hfaAB and hfaC) is involved in attachment of the holdfast to the cell. Deletion and complementation analysis of the hfaAB locus revealed two genes in a single operon; both were required for holdfast attachment to the cell. Sequence analysis of the hfaAB locus showed two open reading frames with the potential to encode proteins of 15,000 and 26,000 Da, respectively. A protein migrating with an apparent size of 21 kDa in gel electrophoresis was encoded by the hfaA region when expressed in Escherichia coli under the control of the lac promoter, but no protein synthesis could be detected from the hfaB region. Sl nuclease analysis indicated that transcription of the hfaAB locus was initiated from a region containing a sequence nearly identical to the consensus for C. crescentus cr54-dependent promoters. In addition, a sequence with some similarity toftr sequences (a consensus sequence associated with other Caulobacter cr54-dependent genes) was identified upstream of the hypothesized cr-9 promoter. At least one of the hfaAB gene products was required for maximal transcription of hfaC. The sequence of hfaB showed some similarity to that of transcriptional activators of other bacteria. The C-terminal region of the putative gene product HfaA was found to be homologous to PapG and SmfG, which are adhesin molecules of enteropathogenic E. coli and Serratia marcescens, respectively. This information suggests that the protein encoded by the hfaA locus may have a direct role in the attachment of the holdfast to the cell, whereas hfaB may be involved in the positive regulation of hfaC.
in the positive regulation of hfaC.
Caulobacter crescentus, an aquatic bacterium, is a member of microbial biofouling communities; it adheres to surfaces with an adhesive structure known as the holdfast. The holdfast is minimally a complex polysaccharide that is only found at the cell pole: at the stalk tip of stalked cells or associated with other polar structures in swarmer cells (20, 25, 32, 35) . Little is known about how the holdfast mediates adherence or why the holdfast is expressed only in the polar regions of cells. Nevertheless it is clear that holdfast expression is coordinately regulated with that of other polar organelles, appearing at the polar region of developing swarmer cell along with the flagellum, chemotactic proteins, pili, and a bacteriophage receptor (4, 15, 17, 23, 29, 31, 37, 42) . In contrast to the other developmentally regulated organelles, the holdfast and the stalk persist in the polar region, with the holdfast mediating cell attachment to surfaces for multiple generations.
Much is known about the spatial and temporal regulation of synthesis of cell structures during the C. crescentus life cycle, especially with respect to the flagellar apparatus and the chemotactic proteins found in the swarmer cells (5, 27) . The regulation of these pathways is a complex hierarchical cascade of gene activation involving positive and negative transcription factors, at least some of which control promoters recognized by the r54 form of C. crescentus RNA polymerase (4, 6, 12, 14, 16, 17, 22, 23, 27, [29] [30] [31] 37) .
u54-dependent promoters have been associated with several developmentally regulated genes in C. crescentus (27, 28) and Myxococcus xanthus (38) .
The characterized C54-dependent promoters of C. crescentus have an ftr sequence associated with them; this region functions as an enhancerlike sequence by interacting with DNA binding proteins and is necessary for the temporal regulation of genes involved with flagellar biogenesis and the development of the chemotactic response (28) . The ftr sequences in C. crescentus CB15 are usually found upstream of C54-dependent promoters near regions of dyad symmetry (12, 27) .
In previous work, mutants defective in adhesion were generated by TnS insertion mutagenesis in C. crescentus CB2A (25) . The mutations found in these holdfast-defective strains were clustered in four unlinked groups. A similar clustering of holdfast genes in C. crescentus CB15 has since been confirmed by pulsed-field gel electrophoresis and Southern hybridization with CB2A-derived genes as probes (9) . One group of mutants was characterized by the synthesis of an apparently normal holdfast; however, because of the subsequent shedding of the holdfast, an overall adhesiondefective phenotype was observed. Comparable mutants have been isolated after UV mutagenesis. The shed holdfast was fully able to attach to surfaces and to the polar region of a holdfast-negative C. crescentus mutant (32) . Holdfastnegative strains were also able to attach to the holdfast of wild-type cells. We concluded that there is a specific mechanism of attachment of the holdfast to the polar region of the cell, that the attachment appears to be an adhesion event, and that a specific genetic region is responsible for this effect.
We reasoned that the attachment of the holdfast to the cell is a strong adhesion event, equal to or greater than the attachment to surfaces in the environment. Since we are interested in the molecular details of how the holdfast accomplishes strong adhesion, the interaction between the holdfast and the cell is especially interesting. The TnS mutagenesis data originally reported suggested that TnS insertions producing the shed-holdfast phenotype were located in close proximity to each other (24) . Here we show that the mutations disrupt the expression of three closely linked genes, and we provide some indication of their roles in the attachment of the holdfast to the cell.
MATERIALS AND METHODS
Bacterial strains and plasmids. C. crescentus strains were maintained on a peptone-yeast extract medium (35) supplemented with antibiotics when appropriate. Escherichia coli strains were maintained on LB medium (21) supplemented with the appropriate antibiotics. The relevant genotypes of the strains and plasmids are shown in Table 1 . The antibiotic concentrations used for both E. coli and C. crescentus were as follows: ampicillin, 50 ,ug/ml; kanamycin, 50 ,ug/ml; chloramphenicol, 20 ,ug/ml; and tetracycline, 10 ,g/ml. Iso- propyl-p-D-thiogalactopyranoside (0.1 mM) was used to induce the lac promoter, and 5-bromo-4-chloro-3-indoyl-,-D-galactoside was used at 20 ,ug/ml. LB medium was supplemented with 10 mM MgCl2 when used for M13 propagation.
DNA manipulations. All modifications of DNA and Southern hybridizations were done by using standard procedures. Hybridization probes were prepared by nick translation (19, 44) . Plasmid cloning of fragments was done after size selection, either by sucrose gradient centrifugation or preparative agarose gel electrophoresis. DNA fragments were isolated from agarose gels and purified with the Gene Clean system (Bio-101, La Jolla, Calif.) or by electroelution (34) . End labeling of DNA fragments was done with T4 DNA polynucleotide kinase (19 (20, 25) . RNA was isolated from Caulobacter strains by the method of Coleman et al. (7) and judged for intactness by comparison of the rRNA bands by agarose gel electrophoresis with equal loads of total RNA from all preparations; only preparations showing no evidence of rRNA degradation were used. Northern RNA analysis of these genes was accomplished by electrophoresis of RNA through agarose gels containing 1 M formaldehyde and subsequent transfer to nitrocellulose (34) . S1 nuclease protection analysis of these genes was carried out essentially as described by Berk and Sharp (2) and Ohta et al. (31) with 30 U of S1 nuclease for digestion and a hybridization temperature of 51°C. The 310-bp ClaI-BclI fragment and the 700-bp BalI-BclI fragment were used for localizing the 5' end of the hfaAB transcript (see Fig. 4B for the locations of the fragments used as probes). To determine the approximate start of transcription and the level of regulation exerted on hfaC by the hfaAB region, the 700-bp SalI-SmaI and 300-bp Smai-Sail restriction fragments were used under the conditions used for the hfaAB fragments (see Fig. 4B ). After ethanol precipitation, S1 nuclease-resistant fragments were electrophoresed through a 5% (wt/vol) nondenaturing polyacrylamide gel or a denaturing gel containing 7 M urea, dried, and exposed to X-ray film at -70°C. The S1 nuclease-protected bands were then removed from the dried gel and mixed with scintillation fluid, and the relative levels of transcription were determined by scintillation counting. Two additional fragments were used in S1 nuclease protection experiments to A restriction endonuclease map of the 6.6-kb EcoRI fragment that complemented mutations in the hfaAB and hfaC genes and several subcloned fragments is shown; the fragments discussed specifically in the text are identified. Complementation analysis was done in the four strains indicated. +, restoration of holdfast function, i.e., the ability to form rosettes and to bind to glass, -, no complementation; ND, not determined. G9, G8, and G7 refer to the locations of transposon insertions in Caulobacter CB2AG9, CB2AG8, and CB2AG7, respectively. Abbreviations for the restriction endonuclease sites for this and subsequent figures: Ba, BalI; Bc, BcIl; Bg, BglII; Bh, BssHII; Bs, BstEII, C, ClaI; E, EcoRI; M, MluI; P, PvuII; S, Sall; Sm, SmaI. cloned in both orientations with respect to the lacZ promoter. Whole-cell extracts were prepared from overnight cultures of E. coli DH5aF', carrying the plasmids and grown in the presence of isopropyl-p-D-thiogalactopyranoside, by a freeze-thaw cycle and treatment with DNase as previously described (43) . Samples containing 10 ,ug of protein per lane were electrophoresed through a sodium dodecyl sulfate-10% polyacrylamide gel and stained with Coomassie brilliant blue. Protein concentrations were determined by the Lowry assay as described by Markwell et al. (18) .
DNA sequence analysis. DNA sequencing of hfaAB was accomplished by isolation of restriction fragments and primer extension to generate sequences for both strands and for fragment overlaps. In preparation for sequencing, fragments were converted to EcoRI-HindIII fragments by cloning the fragments into the multiple cloning site of pUC18 and then excising and religating the fragments into M13mpl8 and M13mpl9 (48) . Primer extension was accomplished by using the entire gene fragment in both M13 vectors. The host strain used for the generation of single-stranded DNA was DH5aF'IQ. T7 DNA polymerase was used in the dideoxychain termination procedure originally described by Sanger et al. (39) with 7-deazaguanine to overcome compression problems. Sequencing reactions were electrophoresed through a 6% polyacrylamide gel containing 7 M urea. Computer analysis of the DNA sequence was accomplished by using the program PCGene (Intelligenetics, Mountain View, Calif.). The Palign and Clustal programs are part of the PCGene package.
Nucleotide sequence accession number. The nucleotide sequence presented here has been submitted to GenBank; the accession number is M69129. RESULTS Holdfast gene cloning. The DNA surrounding one of the TnS insertions in the holdfast-shedding region (defined as cluster II in a previous study [25] ) was isolated by digesting DNA from a TnS insertion strain (CB2AG9) with SstI and EcoRI, size fractionating by sucrose density gradient centrifugation, and then ligating to pPR510. The ligation mixture was used to transform E. coli to chloramphenicol and kanamycin resistance. A colony carrying a plasmid with the proper insert was selected and used for preparation of a hybridization probe. This probe was used to detect and isolate the comparable uninterrupted region of DNA from CB2A. This genetic region was isolated by ligation of sizefractionated EcoRI-digested DNA to pUC18 and transformation of E. coli DH5aF'. We isolated a positive colony containing a plasmid with a 6.6-kb EcoRI insert that was confirmed as the holdfast attachment region by comparison of Southern hybridization patterns with the information previously acquired for the cluster II region (data not shown). The restriction map of the 6.6-kb EcoRI fragment is shown in Fig. 1 . In this report, we define this region as hfaABC.
By using Southern hybridization data generated previously (24, 25) , the site of insertion for the three Tn5 mutations was determined. Tn5 insertion sites G8 and G9 are within 200 bp of each other, whereas G7 is 2.5 kb from the G8-G9 insertion region (Fig. 1) .
Genetic complementation. The 6.6-kb EcoRI fragment containing hfaABC was ligated to pRK404 and introduced by electroporation into strains CB2AG9, CB2AG8, CB2AG7, and CB2AB9. Microscopic examination for the presence of rosettes and the ability to adhere to glass indicated that pRKhfaABC (Table 1 ) was able to complement the mutations of all four Caulobacter strains. Deletion analysis defined the regions of complementing activity more precisely (Fig. 1) . The deletions were ligated to pRK404 as EcoRIHindIII cassettes, introduced into the four test strains, and scored for complementation. The results (Fig. 1) indicated that a 1.7-kb BglII-BclI fragment complemented the mutations in CB2AG8, CB2AG9, and CB2AB9 and that a 2.4-kb BglII-EcoRI fragment complemented the mutation in CB2AG7. Smaller fragments overlapping the insertion site in CB2AG9 did not complement (Fig. 1 A second region of potential importance was an ftr-like sequence (Fig. 2) . The ftr sequence is a cis-acting regulatory sequence that is associated with C. crescentus aS4 promoters; it contains 19 bases, with 12 conserved bases, next to a region of dyad symmetry. In the present case a sequence that contained 7 of the 12 conserved bases found in the ftr consensus sequence was found 52 bp upstream from the proposed uM4 promoter (12, 27) zation (9) and 16S rRNA sequences (45) between strains CB2 and CB15, the codon bias for each gene closely followed the usage patterns established for CB15, with one exception: the codon ATA (Ile) was found in hfaB. This codon is one of two that have not been found in other Caulobacter genes. From this limited sampling it is notable that the G+C content was 65.5%, also similar to the G+C content of 62.5% in CB15 (1).
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Two possible Shine-Dalgarno (SD) sequences were identified for each apparent gene. For hfaA, the sequence GGAG was appropriately located between the mapped start of transcription and the proposed translation initiation codon. For hfaB the sequence AAGG is proposed as a potential SD sequence. The latter was also part of a predicted hairpin loop that was 2 bases upstream of the suggested translational start for hfaB, with a stem of 7 bp and a calculated AGO of -12.8 kcal (ca. -53.5 kJ)/mol.
Protein production and Si nuclease protection analysis. Using pUChfaAB (Table 1) , we were able to express in E. coli a gene product from the hfaAB region (Fig. 3) . The protein produced migrated at an apparent molecular weight of 21,000. Deletion analysis indicated that the entire protein was present on the BcI-BalI DNA fragment of the gene (data not shown). Examination of the Coomassie blue-stained gels did not reveal the presence of a second protein from pUChfaAB. The 21-kDa polypeptide is apparently the product of hfaA, since subcloning the hfaB region (i.e., the BstEII-BglII fragment) ( Fig. 2 and 4B ) in pUC19 did not lead to synthesis of any new polypeptide in E. coli (data not shown). Thus we were also unable to detect in E. coli synthesis of the putative hfaB product. S1 nuclease protection analysis of the hfaAB region with the BalI-BclI fragment as a probe yielded a 500-base protected fragment (Fig. 4A) . The ClaI-BcII DNA fragment in the protection assay produced a protected 115-base fragment (data not shown), in agreement with the BalI-BclI results. This confirmed the direction of transcription indicated by sequence protein expression and indicated the area of the transcriptional start site ( Fig. 2 and 4B ). The DNA region corresponding to the site of TnS insertion in CB2AG7 is called hfaC. S1 nuclease protection analysis of the hfaC gene with the 700-bp Sall-SmaI restriction fragment yielded a 420-base protection fragment (Fig. 4) , whereas the assay with the BstEII fragment produced a 320-base protected fragment, in agreement with the results for the Sall-SmaI fragment (data not shown). Assays with the adjacent 300-bp SmaI-Sall DNA restriction fragment and the 400-bp BstEII-BssHII fragment (which spans the G7 site of TnS insertion) showed that the fragments were completely protected (data not shown). These combined results indicate transcription from left to right in Fig. 4 , with an approximate transcription start site as shown and a minimum transcript size of 700 bases.
To determine whether products from the hfaAB region had a regulatory effect on the level of hfaC transcript, RNA was isolated from CB2A, CB2AG9/pRK404, and CB2AG9/ pRKhfaAB for Northern analysis. The Northern blots were probed with the 1.7-kb BglII-BclI fragment carrying hfaAB and the 2.4-kb BglII-EcoRI hfaC fragment to yield preliminary regulation data for this gene. Transcripts were detected for both probes in RNA from CB2A and CB2AG9/pRK hfaAB, whereas neither was detected in RNA samples isolated from CB2AG9/pRK404 (data not shown). The results from these preliminary experiments suggested that at VOL. 174, 1992 on December 29, 2017 by guest http://jb.asm.org/ Downloaded from least one gene product from hfaAB was necessary for efficient transcription of hfaC.
For a better estimation of the level of transcriptional control exerted on hfaC by hfaAB, quantitative Si nuclease protection assays were performed with the 700-bp Sall-SmaI fragment as a probe (Fig. 4) . With RNA isolated from CB2A, CB2AG9/pRK404, and CB2AG9/pRKhfaAB, the relative levels of transcription of the hfaC gene were quantified by scintillation counting of Si nuclease-protected bands. The uncomplemented CB2AG9 strain (containing a TnS insertion in hfaAB) had 41% of the hfaC transcript seen in wild-type CB2A. This is compared with 122% of the hfaC transcript in the hfaAB-complemented strain relative to that in CB2A. These data suggested that hfaAB is required for normal levels of hfaC transcription. Sequence homology. By using the translated protein sequences, a homology search was conducted through the GenBank and EMBL protein and DNA data bases with the FastA protocol of Pearson and Lipman (33) . When HfaA and HfaB were compared with this data base, no bacterial proteins with similarity greater than 20% were found.
Comparison of HfaA and HfaB with several recently described proteins involved in adhesion and transcriptional activation, however, did show some similarities. HfaA was aligned with two bacterial adhesins, PapG and SmfG from E. coli and Serratia marcescens, respectively, by using the Clustal multiple-alignment program (14, 26) . The overall alignment and scores were not high, but when the C-terminal third of the proteins was examined, the percentages of identity and similarity were significant (Table 2) . Three gaps were needed to align HfaA with the consensus length of 123 amino acids for the C-terminal thirds of the PapG and SmfG proteins.
HfaB showed similarity to SoxR and LasR, small transcriptional activators from E. coli and Pseudomonas aeruginosa, respectively, and to RCORF2, a protein encoded by open reading frame 2 of the hup-related gene cluster of Rhodobacter capsulatus and implicated in transcriptional activation (10, 46, 47) (Table 2) .
DISCUSSION
Genetic analysis of the holdfast attachment gene cluster has shown the presence of at least three genes (in two loci) that appear to be essential for proper attachment of the holdfast to the cell. The hfaAB locus encodes two proteins that were both required for genetic complementation of TnS insertion and point mutations in this region. Sequence analysis showed two open reading frames encoding 15-and 26-kDa polypeptides within the hfaAB region. The hfaAB genes may be controlled by a r54 promoter, and the hfaAB locus may encode a transcriptional activator for hfaC.
The differential expression of the two open reading frames of the hfaAB locus in E. coli was unexpected. Since neither gene was able to complement the mutation in CB2AG9 without the other (Fig. 1) and one of the transposon insertions yielding the holdfast-shedding phenotype was mapped to the region between the two genes, both gene products may be expressed in C. crescentus from a single promoter and appear to be required for holdfast attachment.
Our failure to detect protein from hfaB in E. coli may be due to a poor SD sequence before the proposed translational start site, or C. crescentus may rely upon a secondary structure to initiate translation of hfaB. This latter concept has been noted for other C. crescentus genes (15) . There was a predicted hairpin loop immediately before the proposed start of hfaB translation with the sequence AAGG contained within the loop (Fig. 2 ). This may serve as an SD sequence (41) ; if this is so, the secondary structure may inhibit translation initiation in E. coli.
In S1 nuclease protection assays an apparent start of hfaA transcription close to a sequence with near-perfect homology to the C. crescentus u54 promoter consensus was identified, raising the possibility that this sequence is the promoter for the hfaAB transcript. Further upstream was a sequence with similarity to the ftr consensus sequence, next to a region of dyad symmetry (12, 27) . Given the presence of these two regions of consensus, it is possible that these holdfast-related genes are temporally regulated in a manner analogous to those of several flagellar genes (28) . This point must be treated as speculation until we define the promoter region more precisely and examine the role of the ftr-like region by using site-specific mutagenesis.
The C-terminal third of HfaA is homologous to analogous regions in PapG and SmfG. PapG is a pilus protein of enteropathogenic E. coli; the N-terminal portion of the protein is involved in the binding of specific carbohydrate molecules in the human urinary tract, whereas the C terminus is involved in protein-protein interactions with another pilus protein, enabling incorporation into the pilus (14) . The SmfG adhesin is thought to function similarly (26) . It is possible that HfaA protein acts in an analogous way for C. crescentus, mediating the connection of the holdfast polysaccharide(s) with another protein anchored on the surface at the stalk tip in the case of stalked cells.
HfaB showed some similarity to several small proteins that have been implicated in transcriptional activation. Additional experimentation is needed to define more precisely the role of HfaB in the holdfast attachment process.
Work is also proceeding to define hfaC and its role. Our current hypothesis is that it has a direct role in holdfast attachment. This hypothesis is based on the possibility that hfaC specifies a spatially localized anchor protein that interacts directly with the holdfast, HfaA, or both. Alternatively, hfaC may specify an enzyme that in a spatially localized manner modifies some other membrane component, such as a lipopolysaccharide molecule, to accomplish holdfast attachment.
